India's steel vision 2030 necessitates the exploitation of low-grade and alternative iron sources as there will be a scarcity of high-grade iron ores. In this context, red mud-a waste product of the aluminum industry-is attempted for recovery of iron values. Red mud is an abundant byproduct rich in iron values generated by the Bayer process. In this study, microwave-assisted reduction is carried out to recover iron-enriched concentrate. It is found that red mud is susceptible to microwave exposure and increases its magnetic property considerably. The red mud is microwave reduced in the temperature range of 700-1000°C for 10-50 min and reductant dosage of 8-12%. A regression model is developed from response-surface method statistical design for iron grade and iron recovery. It can be concluded that exposure time is the most influencing factor for iron grade and reduction temperature in iron recovery. An iron-rich concentrate with 48.5 wt% iron content and 95% iron recovery rate can be achieved at 1000°C in only 10 min. The aluminum, sodium, and silicon present in the system interact with each other to form nepheline which gets chemically bonded with the reduced ferrous phase and gets trapped in the magnetic concentrate. At higher temperature, the formation of hercynite reduces the iron grade in the magnetic concentrate, and the hercynite formation indicates that nepheline (Na 2 OÁAl 2 O 3 Á2SiO 2 ) interacts with Bayer's iron phase. With prolonged exposure time (50 min), the formation of pseudobrookite (Fe 2 O 3 ÁTiO 2 ) is observed. The magnetic concentrate is also investigated using VSM analysis to identify the ferromagnetic and paramagnetic phases. Out of all iron phases, hematite, magnetite, hercynite, and Ilmenite, magnetite is the only ferromagnetic phase. Based on SEM-EDS and XRD analyses, titanium present in the red mud preferentially reacts with iron to form ilmenite, and the remaining iron interacts with aluminum to form spinel phase, whereas silicon, sodium, and aluminum form nepheline phase.
Introduction
Red mud is an aluminum industry byproduct and is generated by digestion of bauxite ore in caustic solution during the Bayer process. Red mud is toxic in nature due to its high alkalinity (pH [11] [12] , corrosiveness and fine particulate size along with the presence of heavy metals (V, Cr, Cd etc.) as well as radioactive metals (U, Th) in small quantities. Around 1-2.5 tons of red mud is produced per ton of alumina produced and currently, approximately 30 billion tons of red mud is accumulated in reservoirs globally [1] . Generally, red mud is treated and disposed of in large natural or manmade reservoirs specially designed for such application. The most common disposal techniques involve marine disposal, lagoons and dry stacking [2] . The unforeseen failure of such reservoirs can lead to spillage of highly caustic red mud slurry in the nearby localities adversely affecting the local ecosystem. Utilization of considerable amounts of red mud directly or by conversion into some useful product will not only solve its disposal problem but it will also produce a secondary raw material source for metal extraction.
In the recent past, several attempts have been made for wide-scale application of red mud and resolving its disposal issues. Primarily researchers have made an attempt to recover iron values from red mud using sintering of red mud-lignite mixture in the presence of sodium salts at high temperature. Iron-rich concentrate with 90.3 wt% Fe with 94.8% metallization degree was obtained but a substantial amount of thermal energy and heavy flux dosage makes process approach economically unfeasible [3, 4] . In another approach, pig iron is produced by extended arc plasma reactor [5] . However, the application of plasma arc at industrial scale is yet to be tested. The reductive roasting of red mud followed by magnetic separation process is investigated to produce an iron-enriched concentrate as a feed for blast furnace [6] . Apart from the pyrometallurgical route, authors have also attempted a hydrometallurgical route by leaching iron values in red mud using oxalic acid [7] or by stepwise dissolving aluminum and sodium values by hydrochemical processes [8] .
In recent years, incorporation of microwave heating in mineral processing has emerged, with various potential applications such as selective heating, enhanced roasting, optimal rock disintegration, faster reaction kinetics, less heat dissipation, and clean and controlled energy source. Previous research suggests that exposure of ferrous minerals like hematite, chalcopyrite, and magnetite to microwaves in the presence of a reductant exhibits a substantial increment in magnetic properties and also enhances the separation efficiency significantly [9, 10] . Microwaves are electromagnetic waves associated with magnetic and electric fields having a frequency range of 300 MHz-300 GHz and wavelength from 1 to 300 mm. Microwaves can either get absorbed by the substance (e.g. food) or they can pass through (e.g. silica) whereas metals can reflect these electromagnetic waves. Microwave heating utilizes the ability of materials to absorb electromagnetic energy and convert it into heat. Microwave heating offers volumetric heating whereas conventional heating will heat the substrate layer by layer from outer surface to core through conventional heating mechanisms. The literature review suggests that application of microwaves in extractive metallurgy includes enhanced kinetics, rock disintegration, better liberation-separation, drying and improved recovery for both pyrometallurgy and hydrometallurgical processes [11, 12] . The implementation of the microwave technique at commercial scale is halted due to high initial capital investment, limited depth penetration of microwaves, variation in dielectric properties of material with temperature, and the uncertainty of process efficiency regarding conversion of electric power to microwave power at different frequencies (Lab scale 2.45 GHz and industrial 915 MHz) [12, 13] .
Recently, an attempt is made to produce a raw material for sponge iron using microwave reduction roasting of red mud. A temperature of 1000°C was achieved in 7 min at 800 W heating power. This study reveals that the hematite phase present in red mud can be rapidly transformed and reduced to magnetite, wustite, and metallic iron along with the formation of spinel phases like hercynite. At optimal conditions of 2.5 times the stoichiometric amount of reductant, 1000 W power, 12 min, an iron-rich concentrate with 35.1 wt% iron and 69.1% metallization degree was achieved from red mud-containing 30 wt% iron [14] .
In our previous work, it was found that carbonation pretreatment helps in recovering of sodium values, neutralization, faster settling, and achieving improved iron recovery from red mud in conventional muffle furnace [15] . In the present study, the red mud sample is subjected to carbonation followed by microwave reduction roasting. The details of the procedure followed are mentioned in subsequent sections.
Methodology
The red mud sample is procured from Hindustan Aluminium Corporation Ltd. (HINDALCO) Renukoot refinery. The as-received sample is in the form of lumps or false agglomerates which was further homogenized in ball mill and representative sample is taken for quantitative and qualitative analyses. The sample is then oven-dried at 80°C for 6 h to remove moisture content. Hematite (Fe 2 O 3 ), bohemite (c-AlO(OH)), diaspore (AlO(OH)), gibbsite (Al(OH) 3 (Fig. 1a) . The composition of red mud is shown in Table 1 . Thermogravimetric (TG) analysis of the red mud-charcoal mixture at a different charcoal dosage up to 1200°C is shown in Fig. 1b . The steep fall in curves above 550°C indicates a strong interaction of charcoal with red mud. Also, with an increase in charcoal content, the weight loss increases and remains maximum for higher charcoal dosage. Although the final product is metallic iron the reduction of iron oxide follows the sequence: Fe 2 O 3 ! Fe 3 O 4 ! FeO ! Fe. The stoichiometric dosage of carbon required to ideally reduce iron oxide (?3) to metallic iron is 8.28 wt% calculated according to Eq. (1).
The major concern with red mud is its high alkalinity and poor settling tendency. At first neutralization, i.e., pH reduction and improved settling behavior, was investigated through carbonation pretreatment. The details are mentioned somewhere else [15] . The microwaves are incorporated in carbonated red mud (CRM) as a heating source in a microwave furnace 800 W, 2.45 GHz in the presence of activated charcoal. The experimental route followed and equipment details are shown in Figs. 2 and 3, respectively. Reduced samples are water quenched post reduction treatment to prevent re-oxidation of the reduced iron phase. Low-Intensity magnetic separation (LIMS) is used at 0.3kA/m (2000 gauss) to separate magnetite values. The effects of various parameters of microwave roasting, i.e., temperature, time, and reductant dosage on iron grade and recovery, were investigated by a designed set of experiments.
The iron-rich concentrate and the tailing obtained after LIMS are analyzed by X-ray diffraction (XRD) to identify the effects of reduction parameters on the phases present in the system. The effects of microwaves on the magnetic character of the reduced mass are studied by hysteresis loop obtained from Vibratory Sample Magnetometer (VSM). The Honda-oven plot obtained from VSM data of the magnetic concentrate yields the fraction of ferromagnetic and paramagnetic phases formed [16] . The ferromagnetic phases are magnetite and ferrite, whereas ilmenite, pseudobrookite, wustite, and hercynite are the paramagnetic phases. Quantitative analysis of treated red mud is done by X-ray fluorescence (XRF) and electron dispersive spectroscopy (EDS) whereas standard chemical Result and Discussion
Effect of Microwave Reduction Roasting via Response-Surface Analysis
The complete process of carbonation treatment, microwave exposure followed by magnetic separation is investigated by using a statistical design, response-surface method. The factors considered in statistical design are temperature, exposure time, and reductant dosage. The primary objective of this study is to obtain optimal values of the factors to maximize iron grade and iron recovery. The appropriate boundary value of every factor has been obtained from preliminary experiments as shown in Table 2 . As per the statistical design, fifteen experiments are conducted including 3 central points and 12 edge-centered points. All the experimental conditions of design experiment and corresponding XRF results are summarized in Table 3 . It is (Fig. 4a, b) . This trend shows the robustness of the model obtained. The contour plots for significant factors, i.e., time and temperature, are shown in (Fig. 4c, d ). As expected, for obtaining higher iron grade values, high temperature and prolonged exposure are required, whereas, for higher iron recovery values, the moderate temperature is favorable. This can be attributed to the formation of magnetite at lower temperatures which transforms to paramagnetic phase such as hercynite.
The designed model equation is used to predict the iron grade and iron recovery values for six experiments as shown in Table 5 . The predicted model values are in close agreement with the experimental values of the iron grade. It is important to mention that confirmatory experiments were performed within the variables range selected in the statistical design.
XRD Analysis
The XRD analysis of each magnetic concentrate of the statistical design is shown in (Fig. 5a, b, c) . As shown in Fig. 5a , reduction temperature of 700°C, hematite reduces into magnetite and partially reacts with titanium to form ilmenite. Presence of hematite phase indicates that reduction conditions are not sufficient. However, there is no formation of hercynite which is favorable for iron recovery. Under all the conditions of temperature range of 700-1000°C, aluminum, sodium, and silicon present in the system interact to form nepheline which gets chemically bonded with the reduced ferrous phase and gets trapped in the magnetic concentrate and is in agreement with SEM findings. It can be inferred from XRD analysis that titanium preferentially interacts with the reduced iron and thereafter aluminum interacts with the unreacted reduced iron. Also, the hercynite formation indicates that nepheline (Na 2-OÁAl 2 O 3 Á2SiO 2 ) interacts with the reduced iron phase. At higher temperature, the formation of hercynite reduces the iron grade in the magnetic concentrate. With prolonged exposure time (50 min), the formation of pseudobrookite (Fe 2 O 3 ÁTiO 2 ) is observed. Also, at a higher temperature and longer time duration, formation of iron oxide (burnt ochre) indicates re-oxidation of reduced iron phases in the absence of carbon, which suggests complete burning of carbon. The possible chemical reactions occurring in red mud system are shown in Eqs. (5)- (9).
FeO þ TiO 2 ! FeO Á TiO 2 ð6Þ 
VSM Analysis
The VSM analysis of the magnetic concentrate shown in Table 6 depicts overall magnetic susceptibility, ferromagnetic and paramagnetic susceptibilities, and their respective fractions of iron in overall iron grade in the magnetic concentrate. There is a distinct difference in magnetic susceptibilities of the feed and microwave-treated sample, and it shows that the ferrous-or titanium-based compounds present in red mud responds to the microwave exposure and improves the magnetic characteristics. Figure 6 shows Honda-Owen plot of feed and magnetic concentrate of all the design experiments. The magnetic susceptibility of the paramagnetic fraction is given by the y-intercept of the line. The susceptibility of the ferromagnetic fraction is the difference between the total susceptibility and paramagnetic susceptibility. It can be clearly seen from HondaOwen plot that with the increasing exposure time (at constant temperature), the overall magnetic susceptibility decreases. The reduction in the susceptibility can be explained by the partial disappearance of magnetite phase and formation of hercynite and pseudobrookite phase at a higher temperature. With the increasing temperature and keeping other parameters constant, the magnetic susceptibility increases and is also reflected by the increased iron grade in the magnetic concentrate. Although, prolonged exposure increases the total susceptibility relative to feed it decreases the ferromagnetic fraction due to re-oxidation of the reduced ferromagnetic compounds. This can be also one of the possible reasons for lower iron recovery at a higher temperature as shown in design experiments. Figure 7 shows the variation in total, ferromagnetic and paramagnetic iron grade with exposure time at a different temperature at 10% charcoal. It is observed that the paramagnetic fraction increases with increase in temperature and with prolonged exposure to microwaves the paramagnetic fraction decreases and simultaneously ferromagnetic fraction increases and the trend is consistent with all the temperature range. It is important to mention that in all conditions, the sum of paramagnetic and ferromagnetic iron grade is equivalent to total iron grade.
SEM Analysis
The micrograph and elemental mapping of feed and typical magnetic concentrate are shown in Fig. 8 . Based on elemental mapping results, it can be concluded that all the elements are having a dispersed and complex association in a red mud matrix. As shown in Fig. 8a , the elements are dispersed all over which makes it difficult to recover specific metal such as Fe, Ti or Al. For the sake of brevity, only best magnetic concentrate images are shown. However, in magnetic samples (Fig. 8b, c) , the occurrence of iron along with titanium and aluminum along with sodium and silicon suggests that preferentially iron interacts with titanium to form ilmenite whereas aluminum reacts with sodium and silicon to form nepheline. Importantly, the complex structure of red mud sample is dissociated that enhances iron separation on the application of microwaves.
Conclusion
The present study presents a novel approach to utilize abundantly generated red mud as a source of iron values. The incorporation of microwaves as a heating source for red mud-charcoal mixture proved beneficial. An iron-titanium-rich concentrate can be achieved by exposing carbonated red mud-charcoal system to microwave radiation for 50 min at 1000°C with 10% charcoal which can be further used as a secondary source for titanium production if required. Under optimal conditions, i.e., 850°C and exposure time for 30 min at 10% charcoal, iron-enriched concentrate containing magnetite as a major iron phase with iron grade of 46.5 wt% and 94.3% iron recovery rate is obtained, which can be used in alternative iron-making technologies. Based on statistical design experiments, regression equations are obtained for iron grade % and recovery % of the magnetic concentrate. It is also found that exposure time is the most influential parameter in iron grade %, whereas, in iron recovery %, the most influential parameter is reduction temperature.
As per XRD analysis, hematite reduces to lessstable iron phase ''wustite'' and preferentially interacts with titanium over aluminum to form ilmenite. With prolonged exposure to microwave radiation and with an increase in reduction temperature, iron phase interacts with aluminum to form spinel phase. The formation of spinel phase (hercynite) decreases the ferromagnetic fraction in the concentrate. SEM analysis reveals that there is a preferential association of iron with titanium, and aluminum with sodium and silicon, to form respective phases. Based on VSM analysis, it can be concluded that microwave exposure can convert paramagnetic phases in red mud into ferromagnetic phase thus increasing the total magnetic susceptibility and ferromagnetic susceptibility. The microwave treatment provides an edge over conventional reductive technique by providing a significant improvement in iron grade and iron recovery % at much lower energy supplied in the form of roasting time and temperature. Further work is in progress to achieve metallic iron values from red mud using the obtained concentrate.
